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SUMMARY This paper reviews recent developments in 
small-sized broadband antennas for EMI measurements, espe­
cially in the microwave frequency region. Transient EMI 
measurements are also discussed by introducing complex antenna 
factors and conversion of frequency-domain data into time­
domain data. This paper also focuses on considerable improve­
ments achieved in calibration techniques for conventional EM! 
antennas in VHF/UHF bands. 
key words: EMT measurement, antenna calibration, dipole 
antennas, antenna factor 
1. Introduction
Recent proliferation of portable telephones has rapidly 
increased the potential need for measuring and control­
ling radio interference produced by electronic equip­
ment, especially in the microwave frequency region. 
This trend has been much accelerated by the increasing 
clock frequencies of digital equipment. Such equip­
ment usually generates broadband electromagnetic 
disturbances which, in many cases, contain very sharp 
pulses. Therefore, specially designed broadband anten­
nas are required for measurements, and their character­
istics have to be precisely determined not only in the 
frequency domain but also in the time domain. 
In the microwave frequency range, many different 
types of antennas are used for measuring electromag­
netic disturbances (traditionally called electro­
magnetic interference, or EMI) generated by radio 
transmitters and electronic equipment. These antennas 
may be classified into two categories depending on 
antenna size and characteristics. One category is for 
antennas on the order of half a wavelength and 
includes most conventional antennas which are widely 
used in EMI measurements related to equipment autho­
rization. This type of antenna usually has good sensi­
tivity. Antennas in the other category are smaller, have 
a broadband response, and are suitable for RF pulse 
measurements, but they have poor sensitivity. As a 
result, different calibration methods that take account 
of these features have been developed for each antenna 
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category. 
In EMI measurements, the performance of a 
measuring antenna is primarily characterized in terms 
of the antenna factor, which is defined as the ratio of 
the electrical field strength E of an incident field to 
voltage V induced at the input of a connected measur­
ing receiver, that is, AF=E/ V. Using the antenna 
factor, the field strength of RF emission can be evaluat­
ed from a meter reading indicated by a measuring 
receiver. Hence, the antenna factor of the antenna used 
has to be accurately determined to achieve good re­
producibility in EMI measurements, especially in 
measurements related to authorization of electronic 
equipment. Recently, intensive investigations have 
been made on antenna calibration, resulting in great 
improvements in conventional methods. 
The present paper reviews developments in small 
broadband antennas and explains sophisticated tech­
niques for measuring transient EM disturbances in 
terms of complex antenna factors. In addition, recent 
improvements in calibration techniques for conven­
tional EMI antennas are summarized in this paper. 
2. Broadband Antennas
2. 1 Microwave Sensors and Antennas
Measuring electric field is important in studying elec­
tromagnetic compatibility (EMC) in the microwave 
frequency range. There are many antennas and sensors 
for making these measurements. Examples of their 
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Fig. 1 Examples of antennas and their antenna factors used for 
EMC measurement in the microwave frequency region. 
654 
summarized rn L The antenna, the rnost 
for frequencies up to 6 GH2o The 
array antenna and the double­
antenna exhibit Iine::ir 
1 GHz to 18 GHz. The conical iog 
antenna has circular polarization and operntes from 1 
GHz to 10 GHz. The horn antenna is aiso used for 
EI\1C measurement and as the 3tandard for antenna 
calibration. The antenna factors of Lrrese antennas 
increase in proportion to the 
that it is difficult to achieve 
These ante:rn.2,.s have recently been used to 
cope with the progress in mobile communications and 
the increase in CPU dock On the other 
other antennas ar:.d sensors have been 
for use in EIV:tC rneasurem.ent above 1 GHz. This 
describes the broadband antennas and sensors 
which have 
tiency nmge. 
been for the ni.icrovvave 
2. 2 Small Dipole Antenna
Sensors vvith a small :tnterma 8Xe used to 
measure the electric field strength and the 
of the EJVIC measnrement facilities [1], 
of the sensor is ;Hustrated in Fig. 2. 





; ,.,/" . ,  -.---, -·�-·--
8mm . ff' · F•/0 l _ ___ ])isplay I ., , -G���ver,er j . . . f�.nit JJ \ '11\ Plasnc optic� 
Fig. 2 
� �� f1ber Elerr1e11t 
Detected Data 





Ffg. 3 Ei:ample of a sensor a small antenna. 
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diode converts the received electric field 
level, and a vnre reduces 
influence of the cable coenecti.,1g the sensor element 
the level meter. Tb.e rneter is constE1cted ',Nith an 
:onverter and a display unit because the sensor 
m a electric field. The 
is calculated frorn1 the :neasured 
levels. Three elements are placed in 
tions and used to rneasure the power 
with an 8.5 r1m dipole operates from 
18 GHz and its 
sensor 1s 
These sensors have 
over 3 (i1-fz ·with a 
100 mW Small 
space reso1uhon ,md 
for application to EMC study in future, 
2. 3
The measurement 




and the other measures the ambient 
energy absorbed is calculated 
temperature difference betvveen these sensors. 
type of 
miniaturized. 
mm has been 
netic energy sensor is Cd,,cY',.•CcC'-'U 
hurmm hazards and 
Ffig� 4 Configuration of sensor using a fiber 
sensor. 
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Antennas with E/0 and 0/E Converters 
The cable connecting the antenna element to the level 
meter can affect the measurement accuracy of the 
electric field strength. One approach that has been 
studied is to replace the coaxial cable with an optical 
fiber cable. The basic configurations of antennas using 
an optical fiber are illustrated in Fig. 5. The receiving 
antenna converts the received signal to an optical 
signal using an electrical-to-optical (E/0) tonverter. 
An optical-to-electrical converter (0/E) in the trans­
mitting antenna then converts the optical signal to an 
electrical signal and radiates it into space. An example 
of a radiator using an 0/E converter is illustrated in 
Fig. 6 [6]. The antenna can operate at up to 3.1 GHz 
and the maximum feeding RF power is O dBm [7]. 
Sensors with an E/0 converter have also been 
proposed, and a loop antenna whose dimensions are 57 
*57*13 mm operates at up to 2 GHz [8]. The loss of a
coaxial cable increases in proportion to frequency, and
it influences the design of radio systems in the micro­
wave frequency range. In contrast to this, an optical
fiber, which has the extremely low insertion loss of less
E/0 converter Battery 
Receiver 
(a) Receiving antenna 
Signal generator 
(b) Transmitting antenna
Configuration of an antenna using electro-optical (E/0) 
and optical-electro (O/E) converters. 
Umbrella shaped hemisphere 
\�1r-""'::::,.... 
case 
Example of a spherical dipole transmission antenna. 
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than 1 dB/km, can be used in a remote control system 
[9]. Other applications, such as a standard RF source 
for calibrating antennas and measuring the shielding 
effect of a cabinet, are studied [7]. 
2. 5 Electric Field Sensor Using Optical Modulator
Optical modulators can operate above 10 GHz. They 
have been studied for use as the E/0 converter of an 
antenna in the microwave frequency range. The sensi­
tivity and maximum operating frequency of various 
sensors with optical modulators are summarized in 
Fig. 7. A sensor with an optical modulator composed 
of bulk LiNb03 crystals was proposed in 1980 [10], 
[11]. Before 1994, efforts to improve sensor sensitivity 
focused on increasing the half-wave voltage of the 
optical modulator [12] and decreasing the input 
capacitance of the modulator [13]. A method of 
tuning the optical bias angle was also proposed [14]. 
Recently, ways of increasing the maximum operating 
frequency have been studied to allow use in the 
microwave frequency range [15]. An example of the 
configuration of an electric field sensor with an optical 
modulator is illustrated in Fig. 8 [15]. This sensor has 
an optical source, a polarization maintaining fiber, an 
optical modulator, a sensor element, a single mode 
optical fiber, and a photodetector. A 10-mm long 
dipole element is used as the sensor element. When the 
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Fig. 7 Sensitivity and bandwidth of optical modulator type 
electric field sensors. 
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Fig. 8 Configuration of an electric field sensor using a Mach­
Zehnder interferometer. 
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sensor elemeet is in an electric a 
appears at t'.1e sensor element. The optical rnodulator 
the optical power with this variation. 
The electric field stzength can be estimated 
the modulated optical level. The 
of the sensor is almost constant from l GHz to 4.3 
GHz. In the use of a small eiement 
the resolution of the electric field 
clistribution [ H is useful for 
the electric field distribution near an antenna of a 
wireless such as GSNI or PDC 
to measure on 
resolution of 20 ps 
resolution of 2 mm were obtaine,cL The 
almost independent of 
of sensor is useful 
pulses. 
modulators is 
3. JVlleasuremelillts of Tni.rnsient Eforh·r[J)magllrntk
FfoMs 
3. 1 Sensors and the Characteristics
v,aves 
devices have very wide 
bandwidths. Their spectrums extend over the micro-
wave region or even the millimeter wave [I 
[18]. 1n the near fields ofsucb sources, 
both electric and waveform rneasurements are 
because the two waveforms are different 
Several kinds of sensors vvith antennas have been used 
for measuring such 
CCI','""'"· fields [ 1 
wide-band sensor 
transient electric and 
[20]. The usual way to obtain a 
to make the antenna small. 
Baum classified the elecrric and 
and shmved the 
the amenn2, 
v.rhere 1S 
is the antenna 
A short antenna and a 
small loop antenna can be used to detect electric field 
and magnetic 
circuits show that the waveforms are different 
frorn those of incident fields due to the antenna charac­
teristics. the and the in-
ductance L antennas 
nal instruments. the real wavefonns of the 
fields should be reconstructed from the sensor output 
the characteristics of the antennas and 
attachment circuits. The reconstruction can be made 
in the time domain or in the domain 
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Fig. 10 circuits of small antennao 
(a) Thevenin equivalent circuit.









Fig. 11 Configuration of a 
3. 2 Reconstrncrion in the Time Domain
of a 
field sensor 
circuit, and a waveform measuring 
response of this system is linear and crn"v-,u 
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output voltage of this sensor, JJo ( t), may 9e expressed 
as the convolution integral, 
JJo(t) = 1
00 
e (t) g(t- r) dr, (1) 
where e ( t) is the incident electric field and g ( t) is the 
impulse response of this sensor system. If the impulse 
response g ( t) can be measured, the incident electric 
field e ( t) can be reconstructed by the discrete 
deconvolution in the time domain. For the incident 
magnetic field h ( t), the measurement system and the 
convolution relation are respectively the same as Fig. 
11 and Eq. (1). 
To measure the impulse response, an electrical 
impulse of the incident field (delta-function-like field) 
is necessary. Since an electrical transient field with a 
microwave bandwidth is to be measured, a pico-second 
order impulse field is required. However, it is difficult 
to make such an incident field with a sufficient accu­
racy. Shen measured the output waveforms of several 
sensors to an electromagnetic impulse with a width of 
66 ps [23]. However, the measurement method and 
system of the incident impulse itself was not shown. So 
far, the time domain deconvolution of transient or 
pulse electromagnetic fields with a microwave ban­
dwidth has not been reported. 
Another approach is to calculate the time domain 
characteristics of a sensor theoretically. Middelkoop 
proposed the following magnetic sensor factor for the 
type of sensor shown in Fig. lO(b) [24]. 
Fh (t) = h (t) / JJo (t). [A/m/V] (2) 
Here, h ( t) is the incident magnetic field. The electric 
sensor factor is expressed as, 
Fe(t)=e(t) / i JJo(t)dt [V/m/V] (3) 
for the type of sensor shown in Fig. 9 (b), where ri is 
an integration time constant. A closed circular loop 
for the magnetic sensor and a hollow spherical dipole 
for the electric sensor were constructed. Their sensor 
factors were calculated using the dimensions of the 
physical structures. This method, however, can be 
hardly applied to the microwave bandwidth pulses, 
because the characteristics of the coupling circuit and 
the waveform measuring circuit shown in Fig. 11 are 
not considered. 
3. 3 Reconstruction in the Frequency Domain
Using the convolution theorem, Eq. (1) can be written
in the frequency domain as, 
Vo (cv) = E (cv) G (cv), (4) 
where cv is angular frequency. Vo(cv), E (cv), and G 
(cv) are the Fourier transforms of JJo(t), e(t), and g
(t), respectively. All the functions, Vo(cv), E(cv), and
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G (cv), have complex values. Using the transfer func­
tion G (cv), the incident electric field can be recon­
structed in the frequency domain, 
e(t)=y'-1{Vo(cv)/G(cv)}, (5) 
where y-1{-··} denotes the inverse Fourier transform. 
Kanda reported pioneering work on waveform 
reconstruction in the frequency domain [25], [26]. The 
effective length and the driving-point impedance of a 
resistively loaded dipole antenna were calculated by 
the moment method. The transfer function was derived 
from the characteristics and the load impedance. The 
time domain responses were obtained using the fast 
Fourier transform (FFT). 
Y okoshima defined the inverse of the transfer 
function as the complex antenna factor (CAF) [27]. 
The conventional scalar antenna factor used in EMI 
measurements is the magnitude of the CAF. The CAF 
can be determined by the modified 3-antenna method 
in which transmission S-parameters, instead of scalar 
site attenuation, are measured by using a microwave 
network analyzer. The CAF includes the characteris­
tics of the coupling circuit shown in Fig. 11, and can 
be determined experimentally. Therefore, reconstruc­
tion by the measured CAF method is applicable to the 
waveform measurements using antennas with a cou­
pling circuit including a balun (balanced-unbalanced 
transformer) which is difficult to analyze theoretically. 
lshigami measured the transient electromagnetic 
fields of a small gap discharge between an electrode 
and the ground plane using the following reconstruc­




= 1 1y'- 1 {jcvFc(cv) Y}z�(�i} }dt (6) 
where y{···} denotes the Fourier transform, Fc(cv) is 
the CAF, JJ0 (t) is the output voltage of the coupling 
circuit, and S21 (cv) is the transmission S-parameter of 
the waveform measuring circuit shown in Fig. 11. In 
the above equation, the term of jcv carries out 
differentiation in the frequency domain. This process 
is introduced to cope with the diversity of Fe (cv) at cv 
=0. The equation for the magnetic field measurements 
is same as the above equation. Examples of output 
voltages JJo(t) are shown in Fig. 12, where (a) and (b) 
were measured by using a monopole antenna and a 
half-loop antenna, respectively. The reconstructed 
electric field from Fig. 12 (a) is shown in Fig. 13 (a), 
and the magnetic field from Fig. 12 (b) is shown in Fig. 
13 (b), where the field strength polarities are opposite 
to the polarities of the voltage applied to the gap. 
658 
( t, ) 
time[ns] 
12 Examples of output voltage of electric and magnetic 
SCl1SOrs. 
(a) Vvith a antenna. 
(b) With a antenna. 
d9 : gap length between the electrode and the ground plane. 
x0 : distance between the electrode and the sensors. 
pol. : of the 
( b) 
!ime [nsj 
13 Reconstructed electric and magnetic fields. 
(a) Electric field strength obtained from Fig. 12 (a).
(b) l\fagneric field strength obtained from Fig. 12 (b).
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Since conventional Eivn antennas are as 
their calibration an 
site or a anechoic chamber. 
extensively reviewed the currently used 
for VHF /UHF bands [30]. One of the Ir: 
in calibration the anten 
factor is the method of determining the strength ,,)f 
EM field in which the antenna under calibratit' 
is immersed. There are two calibration te·,, 
at national standard 1ab,·.:,,r1 
tori es. The Standard Antenna :Method 
antenna. Jn contrast , 
Standard Field Method uses a 
an EM fwlJ: 
the supplied power and 
the standard antenna. '\Nith respect to antenna 
there is the Three-Antenna Method 
on the Friis transmission formula. It uses two arbitn 
antennas with an AU C to deterraine 
the gain of each 
ment is 
mostly in the 
antenna. Since a fff'P-cn,,, 
this method has been 
range above l GHz. 
intensive studies have been made of 
calibration methods of conventional EMI antennas 
antenna calibration, 
have taken on the Standard 
IVlethod for accurate antenna calibration. 
4, 1 Standard Antenna Method 
Jn calibration with the conventional Stand 
Antenna a half-wave tuned dipole is 
used as a standard antenna with a high 
shunt diode connected across the center gap 
antenna, as illustrated Fig. I4(a). The RF 
circuit induced in the 
terms of the rectified de 
network and fed to 
voltmeter. The 
the effective 
parnmeter that needs to 
An alternative standard 
characteristics were 
and Alexander 
antenna as indicated 
connecred balun is a 






Fig. 14 Standard dipole antennas. 
(a) Antenna with a diode
I, 
(b) Antenna with a hybrid junction
freely available on the market. The balun has coaxial 
ports and can be removed from the antenna elements so 
that its characteristics can be accurately measured 
using a network analyzer. Hence, the electrical prop­
erties, including the antenna factor, can be calculated 
with sufficient accuracy for this standard antenna. The 
accuracy of the numerical modeling of the antenna was 
proved by comparing the experimental and theoretical 
values of transmission loss (site attenuation) between 
two standard antennas placed at a given height on a 
measuring site (test site). Alexander et al. reported 
that, for horizontally polarized antennas, agreement 
was obtained to within ±0.1 dB in a frequency range 
of 30-300 MHz [33]. This deteriorated to ±0.8 dB at 
1 GHz, which is attributable to the increased ratio of 
the feed gap to dipole length. It was concluded that 
the excellent agreement proved that the antenna factors 
of this standard antenna were calculable to a high level 
of precision. 
4. 2 Standard Site Method
More than ten years ago, a new calibration method for 
VHF /UHF antennas was proposed. That method is 
very similar to the Three-Antenna Method, except that 
transmission loss measurements between two antennas 
are performed at the test site [34]. It postulates that the 
site should be of infinite extent and covered with a 
perfectly conducting ground plane, as illustrated in 
Fig. 15. Hence, the accuracy of the antenna factor 
obtained using this method strongly depends on the 
quality of the actual site. Because of this fact, the 
method is referred to as the Standard Site Method 







I SA = Po,RECT I Ps/TE I 
Fig. 15 Antenna arrangement for the Standard Site Method. 
the aforementioned Standard Antenna Method, 
because it can be performed on a conventional EMI 
test site without using any special antennas. Therefore, 
the latest version of American National Standard 
ANSI C63.5 features this calibration method. 
Sugiura et al. did a theoretical analysis of the SSM 
using matrix representations and derived the funda­
mental expression for the site attenuation, SA, between 
antennas in terms of their antenna factors, AF' [35]. 
SA 
AF{ (Ht) AF{ (Hr) 
(7) 0.0896/MHzlZs+ Z61 E (D, Ht, Hr) 
This equation corresponds to the Friis transmission 
formula used in the free-space Three-Antenna Method. 
The source and receiver impedances are denoted by Zs
and Zo, respectively, and their effective impedances 
seen from the antenna terminals are represented by Zs 
and Z6 as illustrated in Fig. 15. It was evident that, 
since AF{ and AF{ depend on Zs and Z6, respectively, 
the SSM yields an antenna factor related to the 
effective load impedance presented by the cables and 
associated devices. Therefore, an additional conver­
sion was found necessary to determine the desired 
antenna factor, which depends on the actual load of 
each antenna, Zs or Zo. In addition, it was found that 
the existing method specified in ANSI C63.5 is not 
applicable to antennas having height-dependent 
antenna factors, because it requires a height scan of the 
rece1vmg antenna. To improve this method, it was 
proposed that both transmitting and receiving anten­
nas should be placed at the same height above the 
ground plane during the site attenuation measure­
ments. In contrast to this, Alexander et al. proposed 
that the antennas be fixed at a height not the same but 
specific to each antenna [33]. In conjunction to these 
improvements, the CISPR has recently been discussing 
validation procedures for an antenna calibration site 
which require accurate measurements of site attenua­
tion between two calculable dipole antennas and com­
parison of the measurement results with the theoretical 
values [36]. 
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Equation (7) is accurate only when the distance 
between two antennas is greater than one wavelength. 
Therefore, Gavenda tried to determine correction fac­
tors which were required to make the SSM applicable 
to near-field site attenuation measurements [37]. The 
correction factors were calculated by taking account of 
the effects of the reactive field in the vicinity of the 
antennas. It was found that the omission of those 
effects introduces an error of as much as 2.0 dB at 30 
MHz. Iida et al. also computed the near-field correc­
tion factors by using the induced EMF method, which 
considered not only the reactive field but also the 
mutual coupling between antennas [38]. The derived 
factors were applicable to the measurements using 
tuned dipole antennas. The correction factors 
proposed so far were calculated for a specific theoreti­
cal model of the antenna under calibratiq_n. -Sugiura et 
al. therefore pointed out that it was inappropriate to 
use any correction factors in antenna calibration, 
because actual antennas may have different structures, 
stray impedances, and unknown defects [35]. 
5. Conclusions
Rapid increase of portable telephones and digital 
equipment have highlighted possible radio interference 
between them. Hence, urgent development of EMI 
measurement techniques in the microwave frequency 
range is requested to control interference. One essen­
tial technique is related to accurate measurement of the 
waveforms of broadband EM disturbances. In addi­
tion, statistical measurements of the disturbance 
waveform are also indispensable for estimating the 
quality degradation in telecommunications caused by 
disturbances. 
Considering this situation, the present paper revi­
ewed the state of the art of broadband antennas and 
sensors which can be used in measurement of fast­
transient disturbances, such as those generated by ESD. 
Most antennas were found to employ electrically-short 
radiating elements and 0/E or E/0 devices. The 
time-domain response of these sensors to broadband 
disturbances can be successfully analyzed using the 
complex antenna factors. 
Recently, the CISPR has been discussing the limits 
and measurement methods for disturbances radiated 
from electronic equipment in the frequency range 
above 1 GHz. Along with this, accurate calibration 
methods of EMI antennas have been strongly requested 
by radio regulatory authorities and the electronic 
industry. Hence, this paper reviewed recent improve­
ments achieved in antenna calibration techniques. 
Referring to these advanced methods, CISPR has cur­
rently conducted intensive studies of the methods for 
calibrating EMI antennas and for verifying calibration 
sites. 
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